The statistical validity of the negative associations observed between birthweight and disease in later life has recently been questioned, because these associations might be due, in part, to inappropriate adjustment for current body size, creating a statistical artefact known as the 'reversal paradox'. The aim of this study was to explore the effect of adjusting for more than one measure of current body size on the association between birthweight and disease in later life using simulations and meta-analyses of empirical studies. The simulations examined the relation between birthweight and adult systolic blood pressure before and after adjusting for one, two or three measures of current body size by including current weight and subsequently adding body mass index and height in successive analytical models. Meta-analyses were then performed to compare the effect sizes observed among empirical studies reporting associations between birthweight and blood pressure before and after adjusting for one or two measures of current body size. The meta-analyses confirmed the results of the simulations -both showed that associations between birthweight and blood pressure tend to become increasingly negative following adjustment for current body size, and that this effect is enhanced after adjusting for additional measures of current body size.
Introduction
Inverse associations between birthweight and markers of disease in later life have given rise to what has been called the 'fetal origins of adult disease hypothesis'. 1, 2 The hypothesis proposes that unfavourable conditions in utero, particularly those that lead to undernutrition and/or growth retardation, can have damaging long-term effects on the development of vital organ systems, thereby increasing the risk of developing a range of metabolic and related disorders such as hypertension, 2 diabetes, 3 arteriosclerosis 4 and obesity. 5 Over the last decade, numerous studies have been undertaken to examine this hypothesis; 6,7 many of which have reported an inverse association between birthweight and markers of disease in later life. Indeed, the concept that low birthweight is an independent risk factor for such diseases is now widely recognized as scientifically plausible, 8, 9 even though the biological basis of the hypothesis, as well as its clinical importance, have yet to be established.
Some early sceptics of the fetal origins of adult disease hypothesis were converted by the sheer volume of epidemiological evidence that emerged. 10 However, others remain critical of some of the statistical techniques that have been used, and the way in which studies that support the hypothesis have interpreted their evidence. 6, 11 Among a range of substantive concerns, including evidence of publication bias and inadequate adjustment for socio-economic confounders, 6 it seems likely that many of the inverse associations reported between birthweight and disease in later life might be the consequence of inappropriate statistical adjustment for measures of current body size -generating a statistical artefact known as the 'reversal paradox'. 12 Indeed, although some retrospective studies have found an inverse association between birthweight and disease in later life without adjusting for current body size, most studies have only reported a statistically significant association after adjusting for one or more measures of current body size. 6 It is not clear why researchers exploring the fetal origins of adult disease have commonly adjusted for current body size, yet most are likely to have been encouraged to do so by the positive correlation between current body size and birthweight, and the positive correlation between current body size and metabolic disorders in later life. As such, it seems likely that researchers have viewed current body size as a potential confounder. However, there has been little consensus on which measure(s) of current body size (be it weight, height or body mass index) might be the most appropriate 'confounder', and whereas some researchers have not adjusted for any measures of current body size, a number have adjusted for more than one such measure. 6 To explore the impact of adjusting for more than one measure of current body size on the association between birthweight and disease in later life, the analyses that follow examined: (i) simulations in which first one, then two and finally three measures of current body size were included in successive statistical models assessing the relation between birthweight and blood pressure; and (ii) metaanalyses of empirical studies that reported the association between birthweight and blood pressure before and/or after adjusting for one or more measures of current body size. The study focused on blood pressure because the inverse association between birthweight and disease in later life is generally considered to be strongest for blood pressure. 6 However, what follows is likely to be applicable to many other markers of metabolic diseases and related disorders in later life.
Materials and methods

Simulations
The simulations sought to assess the effect of adjusting for multiple measures of current body size on the relationship between birthweight and adult blood pressure. To simplify the analyses, a single hypothetical sample comprising 30-year-old adult males was considered using data on birthweight, systolic blood pressure and three continuous measures of current body size: current body weight; current body mass index (BMI); and current body height. Three alternative scenarios were simulated: (i) no relationship between birthweight and systolic blood pressure (i.e. the Pearson's correlation, r, between birthweight and systolic blood pressure was zero); (ii) a modest inverse relationship between birthweight and systolic blood pressure (i.e. r between birthweight and systolic blood pressure was À0.05) and (iii) a modest positive relationship between birthweight and systolic blood pressure (i.e. r between birthweight and systolic blood pressure was þ 0.05). These scenarios drew on the range of bivariate correlations observed in recent reviews exploring the relationship between birthweight and systolic blood pressure, 6, 7, 50 as summarized in Table 1 In a previous study, it was evident that increasing the correlation between birthweight and current body weight, or between current body weight and blood pressure, weakened any positive correlation and strengthened any negative correlation between birthweight and blood pressure. 12 For this reason, and to simplify the simulations, the same values for the correlation between each measure of body size and both birthweight and systolic blood pressure were adopted. These correlations ranged from r ¼ 0.10 to 0.30, and were again based on values drawn from recent reviews of empirical studies. 6, 7, 50 Meanwhile, as BMI may be considered a measure of weight adjusted for height, the correlation between current body weight and current BMI is generally high (r ¼ 0.84, Table 1 ) whereas the correlation between current body height and current BMI is generally close to zero (r ¼ À0.01, Table 1 ). Values of r ¼ 0.8 and 0.0, respectively, were therefore adopted in all simulations. Likewise, given that the reported correlation between current body weight and current body height is typically modest (r ¼ 0.52, Table 1 ), a value of r ¼ 0.5 was adopted in all simulations. Finally, to illustrate the impact of adjusting for successive measures of current body size on the statistical relationship between birthweight and systolic blood pressure, the median partial regression coefficient for birthweight was estimated when systolic blood pressure (the outcome variable) was regressed on birthweight (the key exposure variable) after adjusting for first one (current body weightModel 1), then two (current body weight and current BMI -Model 2) and ultimately three (current body weight, current BMI and current body heightModel 3) measures of current body size. This was a similar sequence to that used in comparable empirical studies reviewed by Huxley et al.
6,50 and Schluchter. 7 Simulations were based on 1000 iterations for each scenario with a hypothetical sample of 500 individuals; the mid-range sample size of previous empirical studies (Table 2) . 6, 7, 50 All simulations and statistical evaluations were performed in the statistical program 'R' version 2.0.0. 52 For each of the simulated scenarios, the data used were generated using a dedicated mathematical function ('mvrnorm') of the 'MASS' statistical package within the program 'R'. This function is capable of generating data for multiple variables so that these are multivariate normally distributed and have preselected means, standard deviations and correlations with one another. In this way data were simulated for each of the five variables: birthweight, systolic blood pressure, current body weight, current BMI, and current body height under each of the different scenarios outlined above. 53 
Meta-analyses
The 37 empirical studies included in a recent systematic review 6 were examined to identify any that had reported regression coefficients for birthweight when systolic blood pressure in later life was regressed on birthweight either before and/or after adjusting for one (or more) measure(s) of current body size. For each statistical model reported, data were collected on any adjustments made for one or more measure(s) of current body size, and on the reported effect sizes (i.e. the partial regression coefficients of birthweight when systolic blood pressure was regressed on birthweight). Weighted estimates were then combined using STATA 9.0 (Stata Corporation, TX, USA) to perform both fixed and random effects meta-analyses. The difference between fixed and random effects meta-analyses is that the latter generally give greater weight to smaller studies, and as previous analyses 7 have shown that empirical studies exploring the fetal origins of adult disease hypothesis have suffered from publication bias (because smaller published studies tended to show greater effect sizes), it is helpful to conduct both types of meta-analyses.
Results
Simulations Scenario 1 (the bivariate correlation between systolic blood pressure and birthweight was zero). Setting the bivariate Pearson's correlation between systolic blood pressure (BP) and birthweight (BW) to zero, the simulated simple regression coefficient of BW for BP regressed on BW was close to zero at À0.08 (95% confidence interval (CI): À1.77, 1.80). When current body weight (CW) was included in the model, the median partial regression coefficient for BW became more negative, and the magnitude of this coefficient increased as the correlations between BW-CW and BP-CW increased ( Table 3 ). The negative BP-BW association became statistically significant when the additional covariates of current body size were sufficiently (positively) correlated with BP and BW: in Model 1 (adjusting for CW alone) a sufficient correlation was observed when rX0.30; in Model 2 (adjusting for CW and current BMI), a sufficient correlation was lower, at rX0.25; and for Model 3 (adjusting for CW, current BMI and current body height), a sufficient correlation was just rX0.20. The strength of the negative statistical relationship between BW and BP was thus enhanced either by: (i) increasing the magnitude of the correlation between each measure of current body size, BW and BP; or (ii) adjusting for additional measures of current body size (Table 3) .
Scenario 2 (the bivariate correlation between systolic blood pressure and birthweight was -0.05). Given that adjusting for current body size tends to generate a negative statistical relationship between BW and BP even when the bivariate correlation between these was zero (scenario 1; Table 3 ), it was not surprising that adjusting for current body size strengthened a pre-existing negative statistical relationship between BW and BP. Under scenario 2 (Table 4) , the simulated simple regression coefficient for BW when BP was regressed on BW was À1.04 (95% CI: À2.92, 0.78) -close to the predicted value of -1.1 mm Hg, derived by multiplying the bivariate correlation of BP and BW by the ratio of the s.d. for BP to the s.d. for BW: À0.05 Â (12.3/0.57) ¼ À1.1. As anticipated, the negative partial regression coefficient for BW was strengthened after controlling for one or more measure(s) of current body size. Furthermore, as the strength of the correlations between BW, BP and the measures of current body size, increased, so too did the association between BP and BW. Indeed, the negative median partial regression coefficient for BW became statistically significant following adjustment for just two measures of current body size (CW and current BMI; Model 2) when these covariates were only modestly correlated (r ¼ 0.10) with BW and BP. Furthermore, adjusting for CW alone led to a statistically significant relationship between BP and BW when the Table 2 The reported regression coefficients or correlation coefficients for birthweight on blood pressure before and after adjustment for measures of current body size, drawn from 37 studies examined by two recent meta-analyses 6, 7 Abbreviations: Adj1, the first measure of current body size adjusted in the regression model; Adj2, the second measure of current body size adjusted in the regression model; BP, blood pressure; BW, birthweight; BW unadj , unadjusted regression coefficient for birthweight; BW adj1 , regression coefficient for birthweight after adjustment for one measure of current body size; BW adj2 , regression coefficient for birthweight after adjustment for two measures of current body size; N, sample size; CI, confidence interval; CW, current body weight; CH, current body height; CBMI, current body mass index; r, correlation coefficient. a Birthweight and birth length were included in the same regression model. (Table 5) , the relationship between BW and BP only became negative after controlling for all three measures of current body size, although when these were correlated with BW and BP to a very modest extent (r ¼ 0.10), or after controlling for CW and current BMI when their correlation with BW and BP was slightly greater (rX0.15). Moreover, a statistically significant negative relationship between BW and BP was evident after controlling for all three measures of current body size when these were correlated with BW and BP at rX0.25 (Table 5) , or after controlling for two measures of current body size (CW and current BMI) when these had slightly stronger correlations with BW and BP (rX0.30; Table 4 ). These analyses demonstrate that adjusting for a sufficient number of measures of current body size when these are sufficiently strongly correlated with BP and BW can reverse a positive bivariate association between BW and BP.
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Meta-analyses
In studies reporting an unadjusted negative association between BW and BP, the association was strengthened after adjusting for one or more measure(s) of current body size. Similarly, among studies reporting an unadjusted positive association between BW and BP, the association was either diminished or reversed (i.e. the association between BW and BP became negative) after adjusting for one or more measure of current body size ( Table 2) . In both instances, the impact of adjusting for one measure of current body size was enhanced following adjustments for additional measures of current body size (Table 2 ). One study 30 had even adjusted for three measures of current body size (CW, current body height and current BMI) and observed that the positive unadjusted relationship between BW and BP was initially diminished and then became negative after adjusting for successive measures of current body size.
Within a fixed effects meta-analysis, the pooled estimate of changes in systolic blood pressure per Figures 1 and 2 indicate that small studies tended to show greater effects with or without adjustment for current body sizes.
Discussion
The simulations extended previous research 12 by demonstrating that adjustment for two or more measures of current body size increased the impact of statistical adjustment on the relation between BW and BP. Multicollinearity between BW and measures of current body size tended to produce a negative association between BW and BP. When the unadjusted association between BW and BP was zero, adjusting for successive measures of current body size created an increasingly negative association between BW and BP. This was further enhanced with increasing collinearity between the measures of current body size, BW and BP. When the unadjusted association between BW and BP was slightly negative, adjustment for successive measures of current body size tended to increase the strength of the BW-BP association such that it readily became statistically significant. Indeed, even when the unadjusted association between BP and BW was positive, this could be reduced, reversed, and become statistically significant following adjustment for successive measures of current body size measures, provided these measures were sufficiently collinear with both BW and BP.
Meanwhile, the meta-analyses confirmed that adjustment for current body size when exploring the relationship between BW and BP tends to reverse any positive bivariate correlation and strengthen any negative bivariate correlation between these two variables. Unfortunately, not all studies reported regression coefficients for BW when BP was regressed on BW both before and after adjusting for one or more measure(s) of current body size. Indeed, three of the larger studies only reported effect sizes after adjusting for current BMI. [47] [48] [49] However, studies that did provide these statistics found that adjustment for successive measures of current body size consistently enhanced pre-existing negative associations between BW and BP, and weakened or reversed pre-existing positive associations between BW and BP. Moreover, these effects are also evident in comparable studies published since 2000. 55 Few of these studies justified their adjustment for one or more measure(s) of current body size, and most seem to have viewed these measures as potential 'confounders', despite there being little consensus as to which measures of current body size were appropriate for adjustment as 'true' confounders. The majority of studies therefore adjusted for just one measure of current body size (most often current BMI or CW) and a smaller number adjusted for both CW and current body height (CH), or current BMI and CH. One study 30 adjusted for all three measures of current body size, but without reporting the regression coefficient for birthweight after adjustment. A more recent study 54 has since reported regression models before and after adjusting for current BMI, CH and CW with effect sizes of BW on BP increasing from À0.665 mm Hg kg À1 (preadjustment), to À0.898 mm Hg kg À1 (after adjusting for current BMI), and À1.705 mm Hg kg À1 (after adjusting for current BMI and CH) to À1.871 mm Hg kg À1 (after adjusting for current BMI, CH and CW); very much as the simulations predicted.
It is not clear why this more recent study, or a number of the earlier studies, adjusted for more than one measure of current body size. It might be that the negative association expected between BW and BP was only evident (or only became statistically significant, or became further enhanced) after adjusting for more than one measure of current body size. The latter seems likely for at least some of the studies examined, given that Huxley et al. 6 found that smaller studies were more likely to report a negative relationship between BW and BP -a trend they took to be evidence of publication bias -and our meta-analyses confirm that smaller studies tended to report a more negative relationship between BW and BP irrespective of whether they had adjusted for one or more measure(s) of current body size (Figures 1 and 2) .
Whether or not current body size is a potential confounder for the relationship between BW and BP depends upon the definition of a 'confounder' 56 and how one interprets the positive bivariate relationships commonly observed for: BW-CW, BW-BP, BW-CH, CH-BP, BW-CBMI, and CBMI-BP (see Table 1 ). If one accepts that a confounder should have a causal relationship with both the exposure and the outcome variable, 57 and that the direction of these relationships should stem from the confounder to both other variables, it might be difficult to argue that any measure of current body size could be a 'true' confounder for the relation between BW and BP. This would be the case whatever the physiological mechanisms proposed. For example, one reason why researchers might adjust for current weight and height when exploring the relationship between birthweight and blood pressure is the possibility that these influence blood pressure through different physiological mechanisms: weight is known to have a positive association with blood pressure, whereas height is positively correlated with kidney sizes 58 and might thereby influence blood pressure. 59 Notwithstanding the uncertain relation between kidney size and blood pressure, 60 body weight and height are both positively correlated with birthweight and, because both are therefore effectively on the causal pathway from birthweight to blood pressure, it is questionable whether either can be considered true confounders. 56 However, it should be noted that correlations between blood pressure and different measures of current body size range between 0.1 and 0.3. As current height generally has a weaker association with blood pressure (Table 1) , adjustment for current body height might not noticeably enhance the reversal paradox. 61 Nonetheless, some researchers might mistakenly believe that adjusting for as many explanatory variables as possible (no matter whether or not these are 'true' confounders, and notwithstanding the difficulties involved in identifying which are 'true' confounders) improves the quality of their regression models. This may be because they believe that: (i) the regression coefficient will reveal the 'independent' contribution of the key exposure variable to the outcome variance or (ii) the regression coefficient achieved after adjusting for multiple explanatory variables will be more accurate because the influence of potential 'confounders' has been removed. Most researchers probably believe that, if there is overadjustment, the relation between outcome and exposure variables will be underestimated (not overestimated) and that, at worst, overadjustment might simply give rise to a more conservative estimate of the true relationship. How- ever, the simulations presented here demonstrated that spurious correlations can also be established and reinforced when the analytical model is (over)-adjusted for successive 'confounders' that may not be 'true' confounders, but are nevertheless correlated with both the outcome and the exposure variables. This phenomenon, known in the statistical literature as 'suppression', 62 has not been extensively discussed within the biomedical and epidemiological literature. This is surprising given that many of the covariates employed within the clinical sciences (particularly anthropometric indices that often have allometric relationships with a range of relevant physiological parameters) are often correlated, thereby yielding to multicollinearity and increasing the risk of the suppression effect.
As this study has demonstrated, changes in the effects of the exposure on the outcome following adjustment for one or more covariates cannot be used to deduce whether or not the adjusted covariate is a 'true' confounder. Interpretation of regression analyses should be based upon prior formulations of research hypotheses and the underpinning genetic, physiological and environmental mechanisms. From a statistical viewpoint, and perhaps from an aetiological one too, the current practice of adjusting for one or more measure of current body size in analyses exploring the fetal origins of adult disease hypothesis is highly questionable.
